Introduction {#sec1-1}
============

Phosphodiesterases (PDE) are exciting new targets in medical sciences. These enzymes are some of the key mediators of cellular functions in the body and hence are attractive sites for drug-induced modulations. Research into molecules, which alter PDE actions, has expanded to the field of psychiatry and neurosciences in recent times. The introduction of the drug Tofisopam in India as a novel nonsedating anxiolytic has inspired the authors to embark on a brief review of PDE in psychiatry. Tofisopam is a 2,3-benzodiazepine, which does not act on the benzodiazepine site of the gamma amino butyric acid (GABA) receptor but has anxiolytic properties without having sedative, anticonvulsant, amnestic, or muscle-relaxant actions.\[[@ref1]\] It is widely gaining popularity for treatment of anxiety disorders even for long-term use. However, what is more interesting and relevant to this review is the newer research showing that Tofisopam has multiple PDE-inhibiting actions which are being actively evaluated for managing negative and cognitive symptoms of schizophrenia.\[[@ref2]\] It selectively inhibits PDE 4A1, PDE 10A1, PDE 3, and PDE 2A3.\[[@ref1]\]

PDE inhibitors have been popularized by Sildenafil used widely for erectile dysfunction. However, there is more to PDE inhibitors than their sexual benefits alone, and we would like to highlight the important research in psychiatry that has happened and is happening around the world in this field. With this review, we aim to generate interest among Indian researchers into PDE as novel therapeutic targets which could help treat several neuropsychiatric disorders as it appears to have been largely ignored here. This would be the first review paper of the psychiatric implications of PDE to the best of the authors' knowledge in India.

Cellular communication involves electrical and chemical signal transmissions. Important to this are chemical messengers, which transmit signals for downstream action. When a ligand binds to the cell surface receptor, the concentration of intracellular molecules called second messengers is altered, which then results in signal transmission within the cell. These include adenosine 3',5' cyclic monophosphate (cAMP), calcium ions (Ca^2+^), diacylglycerol, and inositol 1,4,5-triphosphate.\[[@ref3]\] Cyclic nucleotide PDEs are a family of ubiquitous enzymes, which selectively hydrolyze the 3' cyclic phosphate bond in cAMP and/or guanosine 3',5' cyclic monophosphate (cGMP).\[[@ref4]\] cAMP and cGMP are known as the second messengers in the intra-cellular signaling cascade. They are active molecules which are produced by the action of adenylyl or guanylyl cyclase enzymes on AMP or GMP, respectively. cAMP/cGMP most often activate specific protein kinases, which further regulate downstream signaling. Conversely, inactivation of these second messengers whenever termination of intracellular signaling is required is done by hydrolyzing the cyclic phosphate bonds by PDE. This causes a reduction in the intracellular signal transmission. The role of cAMP and cGMP in the tissues vary from cellular metabolism, modulation of synapse physiology to inter-cellular electrical signaling \[[Figure 1](#F1){ref-type="fig"}\].
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11 PDE isoenzymes have been identified until date. Each isoenzyme has several isoforms. PDEs are distributed in almost all cells, but it is their various isoenzymes, and isoforms of these, that are expressed differentially in various tissues. Hence, it is possible to deliver selective therapy with decreased risk of adverse effects, using selective PDE modulators. With respect to this, the specific sites of expression of PDEs in the body and their substrates have also been identified\[[@ref5]\] \[[Figure 2](#F2){ref-type="fig"}\]. Hence, PDEs form excellent targets for modification of intracellular signal transduction. Drugs inhibiting PDEs have already been successfully tried in the management of many illnesses. For example, PDE 5 inhibitors such as Sildenafil, tadalafil, and vardenafil decrease intracellular signal transduction in vascular smooth muscles consequently leading to reduced intracellular calcium concentration. This serves to produce smooth muscle relaxation and hence, vasodilatation. This effect is used therapeutically in conditions like are erectile dysfunction as well as patent ductus arteriosus. Other known PDE inhibitors include milrinone (PDE 3) and dipyridamole (PDE 5). New research has also shown the potentially anticancer effects of PDE 4 inhibition.\[[@ref6]\] Hence, we see that PDE modulation is now gaining wide-spread cognizance as an important modality of treating varied medical conditions. In the following pages, we discuss the role of PDEs in neuropsychiatric disorders and drugs modulating them.
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Phosphodiesterases and Schizophrenia {#sec1-2}
====================================

The genetic etiology of schizophrenia is now an established fact, and a number of potentially putative chromosomes have already been identified. Important ones among them are the Disrupted in Schizophrenia-1 and 2 (DISC-1 and 2) genes located on chromosome 1 which have been found to be associated not only with schizophrenia, but also bipolar disorder and unipolar depression.\[[@ref7]\] DISC-1 is believed to be a scaffolding protein involved in normal neuronal migration and DISC-2 regulates gene expression. An important binding partner of the DISC proteins is PDE 4B, encoded by a gene on chromosome 1. PDE 4B hydrolyses cAMP and stops cAMP-stimulated signaling cascades. It has a complex interaction with DISC-1. It is hypothesized that the DISC-1 protein sequesters PDE 4B in a low activity form until there is a need to stop cAMP signaling, at which time it releases PDE 4B in a highly active form.\[[@ref8]\]

PDE 4B itself has been implicated as an independent risk factor for schizophrenia.\[[@ref9]\] A Scottish family with a chromosomal translocation - t(1,16) has been described, and at least 2 persons carrying this were found to have psychotic disorders. t(1,16) involves genes for Cadherin 8 encoded on chromosome 16 and PDE 4B encoded on chromosome 1.\[[@ref8]\]

Antipsychotic drugs block dopamine receptors, predominantly D2 receptors, which leads to increased cAMP levels and activity in the brain.\[[@ref10]\] It is then rationalized that the same effect can be obtained by inhibiting PDE 4. This has several potential advantages, like bypassing the dopamine receptors. This may reduce the likelihood of adverse effects which arise due to the nonspecific blockade of D2 receptors - such as hyperprolactinemia and extrapyramidal symptoms. A dysregulation of PDE 4 activity is believed to have a role in schizophrenia. Hence, trials of PDE 4 inhibitors in the management of psychosis have been conducted, as discussed further.

Rolipram was the first specific PDE 4 inhibitor which was first studied for its likely antipsychotic effect. It has shown to increase both, the intensity and duration of cAMP-mediated signaling.\[[@ref11]\] Kanes *et al*. in 2007 published their study of the antipsychotic potential of rolipram.\[[@ref12]\] They used mice models of psychoses. Psychosis was induced using D-amphetamine and acoustic startle, and prepulse inhibition (PPI) of the startle response was evaluated. As PPI is found to be DISC, the ability of a drug to increase PPI in experimental mice is considered to be indicative of its antipsychotic efficacy. Similar to traditional antipsychotic drugs, rolipram was found to increase PPI without altering the acoustic startle response in the mice at lower doses (0.66 mg/kg). Rolipram also reversed the disruption of PPI-induced by D-amphetamine. Higher doses (1.0 mg/kg) were found to induce catalepsy in the mice. Rolipram has also been found to produce favorable results in cognitive symptoms associated with schizophrenia-like memory impairment through its action of enhancing long-term potentiation (LTP).\[[@ref13][@ref14][@ref15]\] Depressive symptoms are also commonly noted in schizophrenia though the prevalence varies between studies. Anywhere between 10% and 50% patients with schizophrenia experience significant depressive symptoms at some point during the course of their illness.\[[@ref16]\] Rolipram been found to have antidepressant effects as detailed below. Prolonged use of antipsychotics, especially the typical or first generation dopamine blockers has been associated with disabling dyskinetic movements. In a study Sasaki *et al*. treated laboratory rats with haloperidol to induce involuntary chewing movements and tongue protrusions (a model of drug-induced dyskinesias in humans). When this was followed by administering rolipram, they found that rolipram suppresses the abnormal movements. They hypothesized that drug-induced striatal dopamine receptor supersensitivity leads to reduced cAMP levels within the neurons. This effect could be reversed by increasing cAMP levels using PDE 4 inhibitors like rolipram.\[[@ref17]\] The above research shows that rolipram and other compounds with actions on PDE are potentially viable alternative treatments to typical and atypical antipsychotics currently in use. In keeping with the positive results obtained with rolipram, researchers have begun exploring other drugs inhibiting PDEs in schizophrenia. Halene and Siegel in 2008 have published a study conducted on assessing the antipsychotic properties of a compound- RO-20-1724- a PDE inhibitor. They used 2 models of psychoses in laboratory mice - event-related potentials (ERP) and PPI. ERP is a sensory model and PPI is a sensori-motor model. They used D-amphetamine to induce psychosis. D-amphetamine disrupts sensory gating as measured by ERPs - especially the amplitudes of P20 and N40. RO-20-1724 was found to restore the sensory gating to normal. D-amphetamine is also known to disrupt PPI and clinical antipsychotic efficacy of a drug is predicted by reversal of this effect. Here, RO-20-1724 was not found to have any significant antipsychotic efficacy as per this model.\[[@ref18]\]

Tofisopam, a new nonsedative anxiolytic drug is a 2,3-benzodiazepine which does not act on the benzodiazepine site of the GABA receptor as mentioned in the introduction of the review. It has also been found to have an inhibitory action on PDE with potential therapeutic benefits in negative symptoms of schizophrenia. Rundfeldt *et al*. evaluated this angle in Albino Swiss mice which were treated with N-methyl-D-aspartate-receptor antagonist dizocilpine to induce the experimental model of psychosis, especially negative symptoms in them. The forced swim test (FST) was used to evaluate and quantify the negative symptoms. The team found that Tofisopam reduced the increased immobility times on the FST in the dizocilpine treated mice. They also found that the drug predominantly inhibits PDE 4 and PDE 10, which may mediate this antipsychotic (mainly against negative symptoms) effect in their sample.\[[@ref1]\] Studies evaluating PDEs in cognitive dysfunction have been discussed further. Thus, we see that PDE inhibition offers a window of opportunity to treat the various symptoms of psychotic disorders with an added bonus of reduced rates of extrapyramidal adverse events.

Other than PDE 4 and PDE 10 inhibitors as mentioned above, very recently a novel brain penetrant PDE 2A inhibitor has been identified with potential relevance to cognitive deficits in schizophrenia. It was found to attenuate sub-chronic phencyclidine-induced deficits in novel object exploration in rats, blocked early postnatal phencyclidine-induced deficits in the intradimensional/extradimensional shift task in rats and attenuated spontaneous P20-N40 auditory gating deficits in dilute brown non-agouti (DBA/2) mice. In contrast, it failed to attenuate phencyclidine-induced hyperactivity in mice, and was devoid of antipsychotic-like activity in the conditioned avoidance response paradigm in rats, probably suggesting its specificity to cognitive processes only.\[[@ref19]\]

Phosphodiesterases and Depression/Anxiety {#sec1-3}
=========================================

Since the 1980\'s, rolipram has been investigated for its potential antidepressant effects. There are several possible mechanisms by which this effect is achieved. For example, stimulation of tyrosine hydroxylase, increasing 3,4-dihydroxyphenylalanine (DOPA) availability, increase in synthesis and release of norepinephrine, and induction of brain-derived neurotrophic factor as an outcome of PDE inhibition among others.\[[@ref20]\] It has been found to be comparable to tricyclic antidepressants in efficacy without the troubling anticholinergic adverse effects which have largely reduced the popularity of tricyclic antidepressants today.\[[@ref21]\]

Shifting focus from the neuro-biological models of depression, pro-inflammatory cytokines have also been implicated in depressive disorders. Medical conditions such as heart diseases, autoimmune disorders, and multiple sclerosis are known to be associated with increased rates of depression. Disease worsening is often accompanied by worsened depressive symptoms.\[[@ref22]\] Rolpiram and other PDEs have been shown to suppress cytokine production, especially tumor necrosis factor (TNF)-alpha, TNF-gamma, interleukin-5 and 13. This effect is seen at various levels - gene down-regulation, inhibition of mRNA, and protein production.\[[@ref20]\]

The clinical antidepressant/anxiolytic efficacy of PDE inhibition has been studied as highlighted below. A study in Gujarat, India studied the efficacy of Cilostazol in laboratory mice models of depression and anxiety.\[[@ref23]\] Cilostazol is a PDE 3 inhibitor which has been to decrease hamilton depression rating scale (HAM-D) scores in poststroke depression. In this study, FST and tail suspension test were the models of depression and the time of immobility measured indicated the antidepressant effect. Interventions used were Fluoxetine, Cilostazol and a control vehicle. Fluoxetine and Cilostazol significantly reduced immobility time compared to control. Furthermore, mice treated with Cilostazol had significantly lower immobility time compared to those treated with Fluoxetine. Anxiety model used was the marble-burying one in the mice. A larger number of marbles buried by the mice in the sand-bed in the specified period of time is suggestive of anxiety/defensiveness or obsessive-compulsiveness. The Cilostazol and Fluoxetine-treated mice were again found to bury significantly less number of marbles compared to controls, and Cilostazol mice performed significantly better than Fluoxetine mice. Cilostazol acts by inhibiting PDE 3 in the hippocampus (where PDE 3 is present in higher densities) and hence appears to have antidepressant/anxiolytic effect.

Another target is PDE 2, inhibition of which may be associated with anxiolysis as found with the drug Tofisopam.\[[@ref24]\] Stress plays a very important role in precipitating/worsening anxiety and depressive disorders. Dysfunctional hypothalamo-pituitary axis or antioxidant/oxidation balance may play a role. A very recently identified PDE 2 inhibitor "Bay 60--7550" regulated Cu/Zn superoxide dismutase levels differentially in hippocampus and amygdala, when administered before chronic stress. It also regulated abnormalities of Bax, Caspase 3, and Bcl-2, which play roles in apoptosis. Thus, inhibition of PDE 2 may be an innovative treatment strategy for psychiatric disorders, such as depression and anxiety by alleviating oxidative stress and modulating the apoptotic machinery.\[[@ref25]\]

Phosphodiesterases and Cognition {#sec1-4}
================================

PDE inhibitors have now aroused the interests of scientists working on cognitive enhancement in patients with dementia, especially Alzheimer\'s Disease. This is because of the finding that Sildenafil, a PDE 5 inhibitor used for erectile dysfunction has shown beneficial effects on attention, memory and visual word recognition tasks. LTP is an important process in memory formation, which is primarily done by glutamatergic stimulation of neurons. It is proposed that Sildenafil aids LTP by the following mechanism. Nitric oxide synthase-1 (NOS-1) is one of a family of 3 types of NOS which synthesizes NO from L-arginine. NO diffuses into the excitatory presynaptic nerve terminal and increases synthesis of cGMP. cGMP, in turn causes vesicles containing the excitatory neurotransmitter glutamate to fuse with the cell membrane and release glutamate into the synapse. cGMP, as discussed above, is degraded by PDE 5. Sildenafil inhibits PDE 5 and hence increases net available cGMP, which then increases glutamate release. Several scientists have studied the effects of Sildenafil on learning and memory in laboratory animals.\[[@ref26]\] Another important mechanism by which PDE 5 inhibition may have beneficial effects on cognitive functioning includes neuroprotection from glutamate-induced toxicity and promotion of neurogenesis.\[[@ref26]\]

PDE 2 and 9 inhibition too have been found to show cognitive benefits in laboratory experiments.\[[@ref27]\] Another potential mechanism by which memory improvement could be explained is improved vascular perfusion in the hippocampi. However, a study by Rutten *et al*. in rats failed to find any conclusive evidence showing improved cerebral blood flow and cerebral glucose metabolism resulting in cognitive improvements.\[[@ref28]\]

HT-0712, a PDE 4 inhibitor has also been found to improve hippocampus-dependent memory in aged mice.\[[@ref29]\] There are several on-going human trials of this molecule for the treatment of age-related memory impairment. It has also shown promise in poststroke recovery in animal models.\[[@ref30]\] Previously described PDE 3 inhibitor, cilostazol, which was found to have beneficial effects in depression is also being tested as co-treatment to the acetylcholinesterase inhibitor donepezil. However, the results have been inconclusive. Similarly, PDE 7 inhibitors have been found to improve memory performance in mouse models of Alzheimer\'s dementia.\[[@ref31]\]

Conclusion {#sec1-5}
==========

This review thus, highlighted some of the important research work that has been done in testing new etiological theories of mental illnesses involving the PDE family of enzymes which are ubiquitously found in most of the tissues in the body. We have compiled a list of the most recent studies on molecules targeting specific PDE isoenzymes \[[Table 1](#T1){ref-type="table"}\]. More importantly, we have pointed out the important role the PDEs play in cellular functioning and inter/intracellular communication. They have a role that goes far beyond vasodilatation alone and encompasses the possibility of affecting neurotransmission in psychiatric disorders and cognitive dysfunction. Molecules which have been around for several years, for example, rolipram, are now being found to possess the ability to improve disabling symptoms of mental illnesses. We hope to have generated an interest of the scientific community, especially in India, to take up more targeted, and systematic research into the potential PDE modulation holds for the treatment of neuropsychiatric diseases. This can bring additional indigenous more effective, less expensive, and relatively safer molecules, which can then be used in India.
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